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An  Evaluation  of  Overload  Ratardation  Bahavior  and  Ovarload 
Ratardation  Modal#  of  T1-6A1-4V  Shaat  Titaniua  Alloy 


Gu  Mingda,  Zhang  Yongkui  and  Yan  Minggao 
Abstract 

This  papar  focusas  rasaarch  on  ovarload  ratardation 
bahavior  undar  diffarant  ovarload  ratios  and  diffarant  crack 
lengths  through  ovarload  tests  of  a  T1-6A1-4V  titaniua  alloy. 

It  also  discusses  the  affects  of  soma  major  factors  on  retard¬ 
ation  bahavior.  Ratardation  bahavior  is  considered  to  be  the 
result  of  cyclic  loads.  It  is  suggested  that  the  ratardation 
process  can  be  divided  into  five  stages.  From  an  analysis  of 
the  modes  of  crack  growth  and  other  factors,  the  overloading 
process  of  fatigue  crack  growth  in  these  tests  is  regarded  as 
mainly  in  a  plane  strain  condition  or  a  mixed  mode  in  which  the 
plane  strain  occurs  predominantly.  Thus,  at  a  given  overload 
ratio  »  the  number  of  delay  cycles  NQ  caused  by  overload 
increases  with  the  'decrease  of  overload  level  KQ1  under  plane 
strain  conditions. 

In  this  paper,  the  flheeler,  milenborg,  Katsuoka  and 
Maarse  models  were  selected  in  view  of  applications  and  overall 
comparisons  and  discussions  were  carried  out  regarding  the  des~ 
cribing  capacity  and  application  conditions  of  each  model  on 
retardation  behavior.  The  Katsuoka  model,  based  on  the  closure 
effect,  was  found  to  be  in  relatively  good  agreement  with  the 
test  results,  it  was  also  discovered  that  the  delay  effect 
senes  assumed  in  the  calculation  of  eaeh  model  were  considerably 
smaller  than  the  actually  measured  overload  delay  effect  senes. 

Z.  Preface 


m  recant  years,  a  great  deal 
1 1-3)  to  the  predictiee  of  fatigue 

1 


has  been  clean- 
life  under 


varying  loads,  • specially  the  intar action  between  the  retarda¬ 
tion  behavior  of  tha  crack  growth  rata  caused  by  overloading 
and  tha  cyclic  loads  in  the  load  tine  course.  That  is,  the 
method  of  combining  and  considering  the  overload  retardation 
models  on  the  basis  of  the  successive  accumulation  method  in 
order  to  predict  the  fatigue  crack  growth  life  under  varying 
amplitudes.  Many  researchers  have  studied  the  factors  affect¬ 
ing  retardation  behavior  from  different  angles.  A  large 
amount  of  test  research  has  shown  that  retardation  behavior  not 
only  depends  on  the  overload  conditions  themselves  but  is  also 
closely  related  to  the  fatigue  failure  caused  by  the  load 
course  before  overloading.  In  short,  retardation  behavior 
should  be  the  result  of  the  interaction  between  the  cyclic 
loads.  It  is  a  very  complex  phenomenon  and  to  date  the  mech¬ 
anism  of  retardation  is  still  not  clear.  Further,  the  quantita¬ 
tive  analysis  of  certain  factors  as  well  as  their,  measurement 
is  still  difficult. 

However,  in  order  to  explain  the  retardation  behavior  of 
overload  and  load  sequence  on  crack  growth,  we  successively 
proposed  many  retardation  mechanisms  and  motels  and  attempted 
to  establish  theoretical  or  empirical  overload  retardation 
models  in  order  to  provide  an  effective  method  to  calculate  the 
fatigue  creek  growth  life  under  varying  amplitude#  in  engin¬ 
eering. 

this  paper  begins  from  the  point  of  view  of  application 
and-  selects  two  types  cf  models,  tee  type  is  the  Hhaelor  'modal 


physical  concept.  It  is  car  sly  «aad  new  tout  is  being  devel¬ 
oped.  For  this  r eases,  we  etseeseed  the  retardation  phenomena 
and  factors  for  the  over lead  tests  of  *i-dhl-4V  alloy  sheets. 

We  also  carried  out  overall  comparisons  and  evaleations  of  the 
describing  capacity  and  application  conditions  etc.  of  the 
above  mentioned  models  on  the  retardation  phenomena. 

II.  Materials  and  Experimental  Procedure 

The  material  used  in  the  experiments  was  a  T1-6A1-4V  alloy 
annealed  sheet  (thickness  is  2.0nm).  Its  main  chemical  compos¬ 
ition  and  mechanical  properties  are  listed  in  Table  1. 
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Table  1  Chemical  composition  (weight  %)  and  mechanical  proper¬ 
ties. 


carried  out  at  room  teaparature  and  the  relative  humidity  was 
less  than  60%. 

See  reference  [11]  for  the  explanations  of  the  basic  prin¬ 
ciples,  calculation  formulas  and  computer  programs  of  related 
model's. 

III.  Test  Results  and  Discussion 


Constant  amplitude  tests  were  carried  out  according  to  the 
ASTH  E647-78T.  The  test  data  was  processed  based  on  reference 
[12]  and  the  processing  results  are  listed  in  Table  2. 
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Table.  2  Data  processing  results,  of  T1-6A1-4V  sheet  constant 
amplitude  tests 

Kept  Cl)  Fitting  formulas;  (2)  Material's  constant; 
(3)  Ifustoor  of  load  cycles  of  cracks  which  grow  from 
20mm  to  64mm;  (4)  Calculated  value;  (5)  Average 
measured  value;  (6)*  In  the  table#  M  is  phe  sum  of 
partial  difference  squares  of  the .  j|  fitting  value 

ami  the  measured  sad  calculated  value#  vf  is  the 
variable  factor.  la  the  fitting  formulas,  the 

g|  u^ie  smArycle;  the  dfr  emi  *e  units  are 
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Fig.  1  a-S  test  curves  under  different  fi  ,, 


3.1  Description  of  Overload  Models  in  Relation  to 
Retardation  Phenomena 


In  evaluating  overload  retardation  models,  we  first 
analyse  whether  or  not  the  model  can  appropriately  describe  and 
explain  the  retardation  behavior  as  well  as  whether  or  not  it 
grasps  the  major  factors  influencing  retardation  behavior. 
Figure  2  gives  the  overload  retardation  properties  of  titanium 
alloy  when  single  tensile  overload  ratio  Q^-2 . 0 :  da/dN-a  and 
a-W  test  curve;  at  the  same  time,  it  gives  the  calculation 
curve  corresponding  to  the  model. 


The  retardation  process 
is  divided  into  five  stages. 


shown  on  the  test  curve  in  Figure  2 
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Fig.  2  Overload  retardation  properties  of  Ti-6A1-4V  sheet 
in  fatigue  crack  growth. 

1)  Crack  growth  acceleration  stage  of  overload  point 
(A)  1131; 

2)  Hysteresis  stage  of  overload  retardation  (B) ; 

3)  Maximum  retardation  point  of  overload  (C) ; 

4)  weakened  stage  of  overload  retardation  (D) ; 

5)  Basic  loss  stage  of  overload  retardation  (B) . 

Note;  the  boundary  line  of  stages  (D)  and  (E)  is  the  over 
load's  monotohe  plane  stress  plastic  zone  boundary,  that  is 


It  can  clearly  be  seen  from  Figure  2  that  the  Wheeler  and 
Willenborg  models  which  use  the  crack  point's  residual  stress 
as  the  basis  immediately  reach  the  maximum  retardation,  point 
just  after  overload.  However,  they  do  net  show  the  hysteresis 
stage  of  retardation  .bet  immediately  eater  'into  the  weakened 
stage  of  retardation,  this  explains  that  they  are  uaeble  to 

have  'am  wmv  of.  aMmieieioe  tap  ameea#  few  hire  tare  >1  s  •  ~1  mm* 


retardation  point  of  da/dl I  <  10  sm/cyeles  mom*  the  calcul¬ 
ated  life  to  bo  boo  largo  and  thoro  ia  already  bo  reference 
value.  la  short,  thoir  capaoity  'to  doscribo  retardation  is 
quits  poor.  Comparatively  speaking,  tho  Matsuoka  and  Hearse 
models  which  uso  tho  crack  closure  of foot  as  tho  basis  eon  vary 
wall  doscribo  and  explain  tha  ontirs  rotardation  process*, 
ftaong  tho  two,  the  Matsuoka  aodol  is  swan  closer  to  tho  tost 
curve.  This  explains  that  they  grasp 'the  crack  closure  and 
other  major  factors  controlling  retardation  bohavior. 


It  can.  also  be  : 
retardation  points  a; 
crack  growth’  rate  is. 
omitting  nany  retard 


seen  in  the 


gtsrs  that’  thoir  oixisun 
hand  tad  that  the  rising  area 
his  ia  the  result  of  their 
(Boo  later  discussion) . 
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Figure  4  gives  the  a-N  test  curve  under  many  single 
tensile  overloads  (Qq1»1.8)  as  well  as  the  entire  calculation 
curve  of  each  model. 


Fig.  4  a-N  curve  of  many  single  tensile  overloads  (Q  .*>1.8). 

ox 

Figure  4  also  gives  the  measured  value  N  of  the  number  of 

e 

cycles  required  for  crack  growth  to  grow  from  2a«22mm  to  70mm 
as  well  as  the  corresponding  estimated  value  NQal  of  the  re¬ 
tardation  model.  It  can  be  seen  that  not  only  is  the  Wheeler 
model  able  to  regulate  retardation  index  m(m*1.62)  and  obtain 
satisfactory  results  with  its  relative  errors  being  -1.46%  but 
Matsu'~''a's  model  also  obtained  satisfactory  results  with  rela¬ 
tive  errors  of  -1.40%.  The  errors  of  Maarse's  model  were 
-10.25%;  the  errors  of  the  Willenborg  model,  based  on  the  cal¬ 
culation  of  plane  stress  and  plane  strain,  were  separately 
+27.98%  and  -4.19%. 

Figure  3  gives  the  Nq  of  single  tensile  overload,  we  can 
see  by  comparing  the  calculation  results  of  Figs.  3  and  4 
that  the  errors  of  the  estimations  of  single  point  Nq  are 
larger  than  those  of  the  estimations  of  the  entire  life. 


It  can  be  seen  from  Figs.  1,  3  and  4  that  following,  the. 
increases  e€  Correspondingly  has  noticeable  increases. 

This  ie  identical  to  gaaaral  laws  113,14)  but  thesa  will  not 


w 


.%  . 


be  discussed  here. 


Figure  3 (b)  does  not  list  the  calculation  results  of  the 
Willenborg  model  because  it  loses  effectiveness  when  ^  2. 

These  tests  also  measured  the  overload  ratio  without  re¬ 
tardation  of  this  titanium  sheet  under  R=0 . 1  conditions  to  be 
1.3  and  the  overload  ratio  without  crack  growth  to  be  2.8  (see 
Fig.  1).  As  regards  this  point,  only  Matsuoka's  model  was 
able  to  supply  estimations  and  the  results  of  estimations  using  . 
this  model  are  separately  1.40  and  2.66.  Its  results  are  still 
considered  satisfactory. 

3.3  Relationship  of  Crack  Growth  Mode  and  ND 

Test  results  prove  that  under  given  Qol  conditions,  NQ 
gradually  decreases  with  the  changes  of  Kol  from  small  to  large. 
Following  this,  it  is  basically  stable  or  there  is  a  slight 
increase  (Fig.  3) .  This  phenomenon  is  identical  to  the  2024-T3 
overload  test  results  given  in  reference  [15]. 


In  order  to  distinguish  the  growth  mode,  we  carry  out 
verification  for  the  maximum  Kol  ■69MPa VTn  point  when  Qq1»2.0, 


ttr 


y,/B-_L_  ( >  tb-o.44»:M-  ( B**#**  ) . 

(2)  fir,/*— 

S _ _ ?* _ t.Z* _ 


.Key:  (1)  B  is  the  thickness  of  the  test 
sample?  (2)  And. 


According  to  reference  [16] .  it  should  be  plane  strain, 
that  is,  the  crack  growth  is  the  tensile  mode.  This  can  be 
proven  from  the  fracture  of  the  test  sample  (Fig.  5,  see  Flate 
13)  *  aside  from  the  static  tearing  and  Instantaneous  breaking 


caused  by  the  overload  Itself  on  the  fracture  of  the  test 
sample,  the  entire  crack  growth  surface  (including  the  over¬ 
load  delay  effect  area)  has  typical  plain  strain  fatigue 
fractures  or  only  a  very  small  part  is  a  little  sheared.  There¬ 
fore,  it  is  considered  that  this  test  belongs  to  the  crack 
growth  of  the  plane  strain  mode. 


The  influence  of  the  crack  growth  mode  on  reflects  the 
influence  of  overload  level  Kq1  on  N^.  The  dependent  relation¬ 
ship  of  Nd  on  Kol  can  be  indirectly  analyzed  from  the  following 


formula: 


n  »-/; 


In  the  formula,  is  the  retardation  coefficient.  Under  the 
given  conditions  of  Qol  and  R,  the  above  formula  can  be  roughly 
explained  as  follows:  on  the  one  hand,  *L*  increases  with  ^|K 
and  the  assumed  negative  index  relationship  decreases  sharply; 
on  the  other  hand,  Up*  also  gradually  increases  with  the  in¬ 
creases  of  Therefore,  the  relationship  of  and  Kol  are 

similar  as  shown  by  the  solid  line  in  Fig.  6.  When  Kq1  is 
relatively  small,  it  is  the  stress  condition  of  the  plane  strain. 
It  can  be. seen  that  under  plane  strain  conditions,  Hq*  increases 
with  the  decrease  of  K  . 
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Fig.  5  (Plate  13)  Front  view  (a)  and  macroscopic  fracture 

picture  (b)  of  test  sample  with  single  tensile  overload 
(CLta2.0)  five  times. 


Fig.  6  Schematic  diagram  of  the  relationship  between  N*  and 
Kq1  with  given  Qq1«  D 

Actually,  Under  the  conditions  of  these  tests,  the  changes 
of  Kq1  were  in  essence  the  changes  of  the  crack  growth.  This 
is  to  say  that  the  crack  growth  and  crack  growth  type  are  in 
the  same  way  factors  which  influence  retardation  behavior. 

3.4  Relationship  of  ,  A>D  and  Retardation  Behavior 

It  is  generally  known  that  the  size  of  overload  plastic 
area  dimension  %  is.  closely  related  to  retardation  behavior. 
Yet,  at  present,  the  calculation  formulas  used  for  X*  ere  only 
divided  into  the  two  extreme  situations  of  plane  stress  and 
plane  strain  which  are  not  sufficiently  rational.  On  thp  other 
hand,  growing  fatigue  cracks  are  still  processed  according  to 
the  concept  of  plane  strain  and  plane  stress  in  fracture  tough¬ 
ness  which  is  also  not  very  appropriate.  After  a  large  amount 
of  test  Observations,  we  not  only  consider  that  the  growth  pro¬ 
cess  of  fatigue  cracking  should  primarily  use  plane  strain  but 
furthermore,  after  the  discussion  in  the  above  section,  we  also 
believe  that  the  overload  process  in  these  tests  should  in  the 


same  way  be  plane  strain  or  a  mixed  mode  primarily  of  plane 
strain.  For  this  reason,  using  the  Willenborg  model  listed  in 
Fig.  4,  the  errors  measured  according  to  plane  strain  were  far 
smeller  than  those  calculated  according  to  plena  stress  which 
well  proves  this  point. 


For  the  Matsuoka  modal,  it  was  considarad  avan  mora 
rational  to  introduca  tha  eye la  loading  charaetarlstlca  Into 
tha  plastic  zona  of  tha  opposita  diraction  [16,17]. 


Fig.  7  Relationship  of  delay  affect  zone  dimensions  fijn 
'  «*Kor  D 

Kay:  (1)  Test  value. 

Figure  7  gives  tha  relationship  of  crack  growth  d?.  and  Kq1 
which  have  bean  effected  by  retardation,  it  can  be  seen  from 
Fig.  7  that  <S>D  correspondingly  increases  with  tha  increases  of 
Kol*  After  comparisons,  it  can  be  seen  that  tha  calculation 
value  d>D  of  each  modal  is  far  smaller  than  the  measured  value 
(about  1/2-1/15  of  the  measured  value) .  Moreover,  the  larger 
Kol  (i.e.  the  larger  the  crack  length) ,  the  larger  the  differ¬ 
ence  value  with  the  tests.  The  production  of  this  difference 
value  is  on  the  one  hand  related  to  the  formula  of  the  model 
selected  to  calculate  the  plastic  sons  dimensions}  on  the  other 
hand  (which  is  an  even  more  important  reason) ,  it  is  created  by 
each  model  limiting  the  delay  effect  sons  in  the  monotone 
plastic  zone  caused  by  a  corresponding  overload,  naturally, 
this  does  not  accord  with  test  results. 

Test  value  D  is  larger  than  calculated  value  ^  of  the 
overload's  plastic  sons  dimensions.  This  also  explains  the  con¬ 
trol  action  of  the  crack  closure  effects  in  the  retardation's 


basic  loss  stags  (E) .  This  can  be  explained  from  Fig.  2. 

The  five*  crescent  moon  shaped  darkened  crack  delay  growth 
zones  are  "a  flight  of  steps"  formed  from  the  direct  breaking 
damage  of  the  crack  tip  material  caused  by  the  overload  itself 
and  the  delay  effect  zone:  after  the  crack  edge  and  crack  sur¬ 
face  grow  a  very  small  distance  in  the  45*  direction  after* 
overload,  they  then  gradually  reverse  to  the  direction  parallel 
to  the  original  crack  surface  and  continue  to  grow  until  a 
growth  speed  of  a  constant  load  is  restored.  It  can  also  be 
seen  from  the  figure  that  the  width  of  this  zone  increases  with 
the  increase  of  the  crack  length  and  moreover  the  leading  edge 
is  even  more  protruding.  In  Fig.  5 (a) ,  the  turning  point  of 
the  crack  growth  direction  changing  and  returning  for  the 
four  times  and  five  times  overload  effect  zone  is  very  clear. 

» 

Naturally,  the  protruding  and  restoring  of  the  leading  edge 
of  the  crack  after  overload,  especially  the  turning  and  reversal 
of  the  crack  growth  direction,  influence  retardation  behavior. 
However,  four  models  do  not  involve  this  factor. 

To  sum  up,  we  consider  that  to  study  retardation  behavior 

it  is  not  only  necessary  to  consider  the  overload  conditions 

themselves  such  as  overload  ratio,  overload  number  etc.  but  it 

is  also  necessary  to  consider  other  important  factors  such  as 

• 

the  closure  stress  (including  the  two  sections  of  closure 
stress  of  the  crack  and  crack  tip  which  pass  into  and  through 
the  overload  plastic  zone),  the  crack  tip's  residual  stress, 
the  crack  tip's  passivation  and  sharpening,  the  crack  tip's 
local  strain  hardening,  the  change  and  reversal  of  the  crack 
tlp'i  direction,  the  leading  edge  of  the  crack  becostLng  "bow 
shaped”  and  the  transformation  of  the  efack  growth  mode  etc. 
These  factors  are  all  the  result  of  crack  point  surrounding 
plastic  deformation  caused  by  overloading.  Among  these, 
closure  behavior  brings  about  "long  range”  effects  for  each 


•tag*  in  th*  entire  retardation  process  and  thus  it  is  pre- 
s*ntly  being  given  serious  attention. 

Furthermore,  the  overload's  environmental  factors  and 
overload's  cycle  stress  ratio  (including  the  negative  value)  are 
major  factors  affecting  retardation  behavior.  Hot  all  e£  the 
above  mentioned  models  mere  considered  and  thus  me  must  await 
further  work. 

IV.  Conclusions 

1.  Tests  proved  that  the  overload  retardation  process  can 
be  divided  into  five  stages  and  that  retardation  behavior  is 
the  result  of  the  interaction  between  cycle  loads.  The  changes 
of  the  crack  growth  direction  and  protrusion  of  the  leading 
edge  of  the  crack  can  affect  retardation  behavior. 

2.  Th*  overloading  process  of  these  tests  are  plane 
strain  or  mixed  mode  which  predominantly  use  plane  strain.  Under 
plane  strain  conditions,  the  retardation  cycle  number  Hp  cor¬ 
respondingly  increases  with  the  decrease  of  overload  level  Kq1 
for  a  given  value. 

3.  The  results  of  estimating  crack  growth  life  of  four 
retardation  models  with  many  single  tensile  overloads  are  still 
considered  satisfactory.  However,  because  each  model  limits 
the  delay  effect  son*  in  the  overload  monotone  plastic  tone, 
the  delay  effect  seme  dimensions  calculated  for  each  model  are 
much  smaller  than  the  test  values. 

4.  The  Wheeler  and  Willenborg  models  are  relatively 

lacking  in  their  ability  to  describe  retardation  phenomena.  The 
expression  of  the  former  is  simple  mad  its  applicability  is 
strong  yet  it  must  measure  the  retardation  index;  the  latter  is 
simple  and  convenient  yet  loses  effectiveness  when  2. 

5.  The  crack  closure  behavior  plays  the  asst  important 
role  in  the  entire  retardation  process.  Thus,  the  ability  of 
the  mt&wtHm  am d  Hears*  medals  with  closure  effects  are 


relatively  good  for  describing  retardation  phenomena.  Asoag 
them,  the  Natsnoka  model  is  even  closer  to  the  test  conditions. 
However,  the  effects  of  both  of  these  on  complex  load  spectrum 
still  await  farther  research. 
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Abstract 

Ow1m4  rttorfMiM  WktTiM  sa4*r  lifftrnt  overload  ratio*  ami  differ  eat 
crack  lcaftkc  is  a  Ti-aAI-cT  titsaiaa  allay  Im  km  is  vestige  ted.  The  effect  af 
eaae  aajar  factor*  aa  retardstiaa  bekaeiar  U  4iaeease4.Tka  retardatiea  behavior 
eaa  ka  eossidtr *4  as  IW  raealts  af  iateractiaa  effects  betweea  overload  aa4 
cyclic  Iea4s.ft  is  »UMt«f  the  re«ar4atioa  process  aif  ka  4iri4*4  lata  five 
stages.  Praa  aa  aaalysis  af  tke  ae4es  af  fatigue  fractarer.  tke  averlaadiag 
process  af  fatigje  crack  growth  is  tkese  tests  eaa  be  regar4e4  as  Misty  is 
a  plea*  strata  caa4itiaa  or  a  sized  aa4e  ia  which  the  piaae  strata  accars 
predesisaatly.  Thsa,  at  a  gives  overload  ratio  Q.i  tke  aaaiker  af  delay 
cycles  N.  eaasc4  by  aa  averlaa4  iacr eases  with  a  4ecrease  af  K.i  aa4er  piaae 
strata  eea4Jtiea. 

la  this  paper,  the  Wheeler.  Willoaborg.  hfaarse.  aa4  Matsaaka  wMs 
were  selected  ia  view  af  eagtaeerteg  appliaatiaa.  Aa  eval  cat  tarn  af  tka  detcrih* 
lag  capacity  sad  life  pradietia*  af  these  awdcls  aa  retardatiea  behavior  have 
bees  aa4a.  Tke  Matsaaka  aiMal  kssa4  aa  tke  crack  clasara  caacapt  was  faaa4 
eaoparattvaly  to  he  to  paa4  agree— at  with  the  caper teeaatal  raealts.  It  la 
.  also  reeegaletg  that  the  espetlweetel  valaes  af  overload  delay  afloat  ease 
sisa  are  aaothreUr  greater  thaa  the  salealatsd  valaes  eaggsrted  by  tke  shave 


